The activity of the pyruvate dehydrogenase complex from pea (Pisum sativum L.) mitochondria is inhibited when MgATP is added to the reaction mixture; 50% inhibition occurs at 4 mM ATP. The inhibition does not increase with time and is higher in the more highly purified preparations. Crude preparations of the complex show a time-dependent inactivation when incubated with 7.5 mM MgATP alone but this is not found with the more highly purified complex. This inactivation does not occur at 0 C. The complex could not be reactivated by high concentrations of Mg2+. It is suggested that a phosphorylation-dephosphorylation mechanism may occur in plants, but the phosphatase and kinase are not tightly bound to the complex and are lost on isolation. The complex does not respond in a significant manner to energy charge. The NADI to NADH ratio is the principal means of regulation of the complex, NADH being competitive with NADI for the dihydrolipoamide component. The CoA to acetyl-CoA ratio is not important in regulation.
expressed in this case for 30 minutes. A similar activation can be achieved by preincubating the complex with 1 mM pyruvate. These data suggest that the complex is not fully activated on isolation.
The pyruvate dehydrogenase complex generates acetyl-CoA for the tricarboxylic acid cycle and the reactions catalyzed by the complex are irreversible. It is of necessity that the complex should be regulated. The enzyme components and reactions of the complex are shown in the accompanying paper (17) . The regulation of the mammalian, bacterial, and fungal pyruvate dehydrogenase complexes has been studied extensively. In the mammalian (12, 13, 21, 25) and Neurospora (26) but not the bacterial (5, 19) and yeast (23) systems, the activity is regulated by a phosphorylation and dephosphorylation mechanism. The pyruvate dehydrogenase component is the site of phosphorylation (3) by a kinase tightly bound to the lipoate transacetylase (11) .
The kinase has a low Km (20 gM) for Mg2- (10) . Pyruvate, which increases the activity of the complex (8, 10, 14, 15, 24) , inhibits the activity of the kinase (10) . Dephosphorylation of the pyruvate dehydrogenase is catalyzed by a phosphatase which has a much higher Km for Mg2+ than the kinase (approximately 2 mM) (10) . Since the phosphatase has a much higher Km value for Mg2+ , it has been suggested that the Mg2+ concentration in 1 This research was supported by a grant from the National Research Council of Canada. 2 Present address: University of Chicago, Ben May Laboratories, Chicago. Ill. the mitochondrion may be an important factor in the regulation of the complex (10) . There is no evidence for a control of the plant pyruvate dehydrogenase complex by a phosphorylationdephosphorylation system.
The complex from mammalian, bacterial, and plant sources is also controlled by product inhibition of the enzyme. The complexes from Escherichia coli and Azotobacter vinelandii are regulated by energy charge (1, 5, 20) as well as the NADI to NADH and CoA to acetyl-CoA ratios (5, 9, 20) . Acetyl-CoA is competitive with CoA at the second enzyme of the complex, but may also be competitive with pyruvate on the first enzyme (18, 19) . The mammalian enzyme is also regulated by the NADI to NADH ratio (4) .
An analysis of the effects of products on the potato tuber complex was performed by Crompton and Laties (6) where it was shown that the relative values of the Ki for the product and Km for the substrate are important. A theoretical analysis of this ratio has appeared recently (2). In the case of potato tubers, the complex appears to respond principally to the NAD+ to NADH ratio whereas the response to the CoA to acetyl-CoA ratio is much less pronounced (6) . Considering the fact that the binding of NADH also appears to affect the binding of pyruvate through protein-protein interactions (22) , the regulation of the activity of the enzyme may be basically controlled in plants by the NADI to NADH ratio. The NADI isocitrate dehydrogenase from plants is also regulated principally by this ratio and is not affected by adenylates (7) .
This report describes the regulation of the pyruvate dehydrogenase complex from pea mitochondria and castor bean proplastids.
MATERIALS AND METHODS
Preparation and Assay of Pyruvate Dehydrogenase Complexes. The mitochondrial pyruvate dehydrogenase complex was purified either as far as the high speed centrifugation procedure or the glycerol gradient sedimentation by the method described in the accompanying paper (17) . Proplastids were isolated on discontinuous gradients (16) . Both complexes were assayed by the method described previously (17) .
Determination of ATP Inhibition of the Mitochondrial Complex. The effect of ATP on the activity of the complex and its components was measured by two methods. In method 1, the resuspended pellet or glycerol fractions were incubated with 7.5 mM MgATP in 25 mm TES buffer (pH 7.3) at 25 C for varying periods of time. Aliquots of this suspension were then placed into the standard assay mixture (17) (Fig. 1) . The concentration of MgATP required for 50% inhibition was approximately 4 mm, which is high. However, the response of the complex to MgATP may be dependent upon the assay conditions. The inhibition of the enzyme by 5 mm ATP added to the assay mixture minus pyruvate (method 2 under "Materials and Methods") did not increase with time ( Fig. 2) and maximal inhibition was found at time periods as short as 1 min. The glycerol fraction showed a much greater amount of inhibition than the pelleted enzyme fraction, 83% inhibition being found after 1 min as compared with 58%. In the case of the pelleted enzyme, there was a slight decrease in the inhibition with time.
The effect of 5 mm MgATP on the second and third component enzymes of the complex was studied. MgATP added to the assay mixture (17) inhibited both of these enzymes of the complex. The lipoamide transacetylase was inhibited 29% and the dihydrolipoamide dehydrogenase 41%, whereas the entire complex was inhibited 49%. Since the dihydrolipoamide dehydrogenase appears to be in great excess in the pelleted complex (17) , this inhibition should have little effect on the rate of the complete complex. However, the glycerol gradient-purified complex has lost a large amount of this component and inhibition of the third enzyme in this case may be more important.
AMP and ADP showed practically no inhibition of the complex activity but CTP was as effective as ATP. The kinase reaction in other tissues is specific for ATP. Since the complex is involved in a degradative reaction linked to ATP production, it might be expected that the complex would show an R-type response curve to energy charge (1) . The response of the enzyme purified to the pelleted stage is shown in Figure 3 (17) minus pyruvate and the reaction initiated after 1 min by the addition of pyruvate (method 2). The complex used was purified to the high speed pellet state as described in the accompanying report (17 (Fig. 4 , curve A). The concentration of ATP in the assay was 0.5 mM, and from the data in Figure 1 it can be seen that this concentration might give 15% inhibition in the assay. This suggests that there is a slow inactivation of the complex in the presence of MgATP which is different from the inhibition which is caused by MgATP in the assay.
When the complex was purified on the glycerol gradient, only a small inhibition was found after 1 min and the inhibition declined slightly with time. This would tend to rule out the possibility that the inactivation was due to nonspecific denaturation of the complex. When the pelleted enzyme was incubated with MgATP at 0 C for 30 min, there was little inhibition of the complex (Fig. 4, curve C ). When the temperature was then raised to 25 C, the complex was inhibited with a time course similar to that observed when the enzyme was incubated at 25 C from time zero (Fig. 4, curve D) . This indicates that a modification of the complex occurs in the presence of MgATP.
Incubation of the MgATP inhibited complex with 10 mM Mg2+ did not restore complex activity. Also, incubation of the freshly Preincubation of the complex which had been released from the proplastids by Triton X-100 with 20 mm MgCl2 caused an increase in activity over a 30-min period (Fig. 5) . This concentration of MgC12 has been shown to activate the phosphatase from bovine kidney (10) . The percentage increase in activity varied in different preparations and ranged from 20 to 50%. This suggests that different amounts of inactive enzyme were present in different preparations. Activation of the enzyme could also be achieved by preincubation with 1 mm pyruvate, the activation process again requiring a period of approximately 30 min (Fig.  6) . Incubation of the proplastids with Triton X-100 for periods of 1.5 hr did not eliminate the activation by MgCl2 or pyruvate.
Inhibition of the Mitochondrial Complex by End Products. The inhibition of the complex by NADH is shown in Figure 7 . 3) in the absence of other assay components (method 1). The pyruvate dehydrogenase complex used was either the pelleted complex (A, O, U), or the complex purified to the glycerol gradient stage (A). In curves A and B, the preincubation was at 25 C. In C, the preincubation was at 0 C until the arrow when the temperature was raised to (17) . Either the pelleted enzyme fraction (0) or the glycerol gradient fraction (0, 0) from two gradients was used.
The inhibition is different for various enzyme preparations. Since NADH is not only competitive with NAD+ but also affects the binding of CoA and pyruvate possibly through proteinprotein interactions (22) , the extent of inhibition may depend on the state of the complex after purification. It is clear that low concentrations of NADH have a profound effect on the activity of the complex. When the activity of the complex was plotted against the mole fraction of NAD in the oxidized form, a very marked response occurred at mole fractions which approached unity, i.e. all of the NAD was present in the oxidized form (Fig.  8) . The most marked response was between 0.8 and 1 which is very similar to the response found in the potato tuber enzyme (6) and is similar to the response of the NAD+ isocitrate dehydrogenase from pea stems (7) . NADH inhibited the dihydrolipoamide dehydrogenase component 60% which is very similar to the inhibition of the whole complex, suggesting that it is this component which is responsible for the inhibition. The response of the complex to the mole fraction of CoA, i.e. the ratio CoA/CoA + acetyl-CoA, (Fig. 9) is different from that found for the NAD mole fraction. Half-maximal velocity occurs at a mole fraction of 0.2, i.e. when 80% of the CoA is present in an acetylated form. The appearance of the curve can be predicted from the Km value for CoA and the Ki value for acetyl-CoA (22) . The reaction is, therefore, not regulated to any extent by acetyl-CoA and the shape of the curve in Figure 9 is determined primarily by the saturation of the complex by the substrate CoA. A result similar to this was found for the potato tuber enzyme (6) . Acetyl-CoA did not inhibit the dihydrolipoamide dehydrogenase component of the complex. Kinetic studies reported in the accompanying paper (22) indicate an interaction between the second and third enzymes of the complex. The total pool size was 16.5 SLM. The complex was purified to the pelleted stage and the points are the average of duplicates. The complex was assayed by the standard method (17) .
DISCUSSION
The pyruvate dehydrogenase complex from pea mitochondria appears to be basically regulated by the ratio of NAD+ to NADH. A similar regulation to this has been suggested for the enzyme from potato tubers (6) . The NAD+ isocitrate dehydrogenase from pea stems is also regulated in a similar manner (7) indicating that this ratio is of primary importance in the regulation of plant energy metabolism. NADH also affects the binding of pyruvate and CoA (22) but the Km for CoA is much lower than the K, for NADH so that it is unlikely that this interaction is important in the regulation. However, the Km for pyruvate has a similar value to the K,s (the slope component of the inhibitior.) for NADH (22) (17) and dissociation of a phosphatase might make it impossible to show reactivation. Loss of a kinase on the glycerol gradient may account for the lack of time-dependent inhibition in these preparations although the kinase is firmly bound in the complex from other sources (10) .
At high concentrations, ATP inhibits the complex when added to the assay mixture. Compared with the Km for the substrates, the concentration of ATP required for 50% inhibition is high.
ATP also inhibits the purified complex more than the pelleted complex. 
